As part of the Panama International Cooperative Biodiversity Groups (ICBG) project, two new (2, 4) and two known (1, 3) linear alkynoic lipopeptides have been isolated from a Panamanian strain of the marine cyanobacterium Lyngbya majuscula. Carmabin A (1), dragomabin (2), and dragonamide A (3) showed good antimalarial activity (IC50 4.3, 6.0, and 7.7 /iM, respectively), whereas the nonaromatic analogue, dragonamide B (4), was inactive. The planar structures of all four compounds were determined by NMR spectroscopy in combination with mass spectrometry, and their stereoconfigurations were established by chiral HPLC and by comparison of their optical rotations and NMR data with literature values.
Artemisinin combination treatments (ACTs) for falciparum malaria are currently the only first-line antimalarial drugs amenable to widespread use against all chloroquine-resistant malaria parasites. 1 However, their effective distribution to combat malaria in economically disadvantaged regions could require an annual global subsidy of $300-500 million. 2 Furthermore, in the event of successful widespread use of the artemisinins, the development of resistance to these drugs before effective replacements or alternatives are at hand is a cause for profound concern. Therefore, the development of new classes of antimalarial drugs remains an enormous challenge and is a focus of many collaborative research efforts, including the International Cooperative Biodiversity Groups project in Panama, which investigates Panamanian terrestrial plants, endophytes, and marine organisms as sources of tropical disease treatments. 3 As part of this program, we have been investigating marine cyanobacteria as a source of antimalarial agents and found that the organic extracts of a red Panamanian strain of the marine cyanobacterium Lyngbya majuscula were active against chloroquine-resistant Plasmodium falciparum. To the best of our knowledge, there are only three reports of marine cyanobacterial metabolites isolated with antimalarial activity. Most recently, members of our group isolated antimalarial venturamides A and B (IC50 8.2 and 5.6 ^M, respectively) from a Panamanian Oscillatoria sp. 4 These modified hexapeptides showed good differential toxicity to parasite versus mammalian host cells. An inseparable mixture of phenolic hierridins A and B from Phormidium ectocarpi inhibited chloroquine-resistant P. falciparum with an IC50 of 5.2 /ig/mL, 5 and the indolophenanthridine alkaloids calothrixins A and B showed nanomolar potency (IC 50 58 and 180 nM, respectively) against the same strain. 6 Interestingly, the anticancer microtubule inhibitors dolastatins 10 and 15, 7 which have been shown to be of cyanobacterial origin, 8 were tested and shown to be potent antimalarials (IC50 100 pM and 200 nM, respectively), 9 consistent with the proposal that parasite tubulin is a valid target for antiprotozoal agents.
Herein, we report the antimalarial bioassay-guided isolation of two new lipopeptides, dragomabin (2) and dragonamide B (4), and the related known metabolites carmabin A (1) and dragonamide (3, designated here as dragonamide A), from four separate Panamanian collections of Lyngbya majuscula Gomont (Oscillatoriaceae). Compounds 1, 2, and 3 were responsible for the antimalarial activity of the crude extract. Jamaicamides A and B, 10 previously isolated in our laboratories, were also tested for antimalarial activity given their somewhat related chemical structures to these new L. majuscula metabolites. Linear metabolites derived from a putative mixed polyketide synthase and nonribosomal peptide synthetase biogenesis represent a familiar motif in " Measured at 100 MHz ( 13 C) and 600 MHz ('H), ratio of conformers = 3:2. 'Measured at 75 MHz ( 13 C) and 400 ('H) MHz, ratio of conformers 3:2.
c Moya = 2-methyloct-7-ynoic acid; Mdya = 2,4-dimethyldec-9-ynoic acid, ob = obscured.
other cyanobacterial natural products, such as the microcolins," apramides, 12 and majusculamides A, B," and D. Structure elucidation of linear lipopeptides such as compounds 1 and 2 is complicated due to the presence of /V-mefhyl amide functionalities, which results in several geometrical isomers exisiting in solution, as noted in the original isolation and structure elucidation work on carmabin A (l). 15 Ready identification of carmabin A in our extracts was further hampered because the original structure work used only DMSO-^6 as the NMR solvent, while the work detailed below was derived from samples dissolved in CDCI3. Nevertheless, the following deduction of the molecular formula and several partial structures from NMR analysis identified compound 1 as carmabin A. Carmabin A (1) analyzed for C40H57N5O6 by a combination of HRFABMS (obsd [M -NH 2 ] + at mlz 687.4174 for C40H55N4CW and NMR analysis. 'H NMR data for compound 1 revealed the presence of two major /V-mefhyl peptide conformers (approximate ratio = 3:2) with signals for three /V-mefhyl substituents (<5 2.77-3.03), an O-methyl substituent (<5 3.78), four a-protons (<5 4.79-5.36), four overlapped high-field methyl doublets, and aromatic protons consistent with both paradisubstituted and monosubstituted phenyl moieties. Spin systems delineating tyrosine, phenylalanine, and two alanine residues were confirmed from COSY data for carmabin A (1), and the tetrapeptide segment of 1 could be specifically assigned as /V,0-dimefhyltyrosyl-/V-(methylalanyl)alanyl-/V-methylphenylalanine (Table 1 ) from HSQC and HMBC data. The LRFABMS fragmentation pattern for compound 1 was consistent with a sequential loss of N,0-dime thy ltyro sine (191), /V-mefhylalanine (85.5), and alanine (71) from the [M -NH 2 ] + peak at m/z 688 and confirmed the assignment of 1 as carmabin A. 15 The identity of carmabin A in this extract assisted structure elucidation of the new compounds, dragomabin (2) and dragonamide B (4), as described below.
Dragomabin (2) also gave a prominent [M -NH 2 ] + peak by HRFABMS for Ca^H^N^Og (m/z 645.3677), which is 42 mass units (C 3 H 6 ) less than the major ion for carmabin A (1), consistent with the loss of a propyl unit in 2 relative to 1. Furthermore, the 'H NMR spectrum for 2 lacked the distinctive upfield methyl doublet at <5 0.68 that was present in the spectrum for 1 This signal was assigned to the 4-methyl group of the 2,4-dimethyldec-9-ynoyl unit in 1. The identical tetrapeptide segments in dragomabin (2) and carmabin A (1), the lack of the second methyl group, and the reduced molecular weight of 2 compared to 1 implied the presence of the 2-methyloct-7-ynoic acid in dragomabin. Indeed, close examination of a 2D HSQC-TOCSY experiment for dragomabin delineated a -CH(CH3)CH2(CH2);-spin system consistent with this proposal. HMBC correlations positioned the aliphatic methyl and methine adjacent to the C-34 carbonyl carbon (<5 177.8/177.6). The distal methylene group of this partial structure was placed adjacent to the terminal acetylene by an HMBC correlation from the methylene protons (H2-39, <5 2.06) to the quaternary acetylene carbon (6 84.45/84.49), thus confirming the nature and location of the aliphatic group in 2. Hence, dragomabin (2) was defined as the 2-mefhyloct-7-ynoyl amide of the same tetrapeptide unit present in carmabin A (1).
SPE and reversed-phase HPLC of the second antimalarial NP-VLC fraction (100% EtOAc) yielded one major component. The 'H and 13 C NMR data again indicated a lipopeptide metabolite, with signals suggestive of phenylalanine and valine residues, as well as a fatty acid unit (Supporting Information, Table S10 
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A parallel investigation was undertaken of a small, biologically inactive 2003 Isla Bastimentos collection of red L. majuscuia, which was collected separately due to its "fuzzy" appearance. Upon microscopic investigation, this "fuzzy" facade resulted from a thick coating of epiphytic chain diatoms on the cyanobacterial filaments. 'H NMR profiling of the 100% EtOAc NP-VLC fraction of the crude extract once again revealed TV-methyl amide singlets, upfield methyl doublets, and midfield multiplets indicative of peptide metabolites. Therefore, SPE and reversed-phase HPLC were carried out to afford pure compound 4, which exhibited 'H NMR signals for four iV-methyl amide substituents, nine overlapped methyl doublets coupled to 'H multiplets, and no aromatic signals. Examination of the 13 C NMR and multiplicity-edited HSQC spectra for this metabolite revealed quaternary and methine 13 C NMR signals at <5 84.2 and 68.4, respectively, consistent with a terminal acetylene as present in compounds 1-3. Together with five carbonyl signals, this accounted for the seven degrees of unsaturation inherent in the formula of C33H59N5O5 calculated from HRESIMS data ([M + Na]+, m/z 628.4420) for 4. Moreover, these data suggested a similar tetrapeptide-coupled fatty acid motif as observed in compounds 1-3. Isopropyl spin systems of four separate valine residues (Table 2) were delineated by COSY and multiplicity-edited HSQC correlations, and the order of these residues was assigned by careful analysis of the HMBC data. The presence of a 2-methyloct-7-ynoic acid residue attached to this tetravaline partial structure was evident from COSY data and chemical shift comparisons with dragonamide (3). On the basis of this otherwise close similarity to dragonamide (3), we have designated this nonaromatic analogue as dragonamide B (4), and therefore reassign dragonamide (3) as dragonamide A in the present report. Stereoconfiguration of the amino acid residues in lipopeptides 1-4 was assigned by chiral HPLC comparison of their acid hydrolysates with D and L amino acid standards. All standards could be obtained commercially except for iV,0-dimethyl-D-tyrosine, which was synthesized by methylation of Cbz-protected D-tyrosine following a literature procedure. 17 Carmabin A (1) and dragomabin (2) contained JV-methyl-L-phenylalanine, /V-methyl-L-alanine, Lalanine, and 7V,0-dimethyl-L-tyrosine, while dragonamides A (3) and B (4) contained /V-methyl-L-phenylalanine and /V-methyl-Lvaline residues, and all /V-methyl-L-valine residues, respectively. Furthermore, closely similar NMR data for the 2-methyloct-7-ynoic acid unit in dragonamides A and B (see Supporting Information  and Table 2 , respectively) suggested the same relative stereoconfiguration at the fatty acyl a position in these two compounds and, due to the common source for all four compounds, led us to propose the same stereoconfiguration for dragomabin (2) . In the original literature report of dragonamide A (3), 16 this fatty acyl a stereocenter (C-35) was assigned an R configuration on the basis of the optical rotation for the 2-methyloctanoic acid liberated following hydrogenation and acid hydrolysis of dragonamide A. This was assigned by comparison to previous literature values for 2-methylalkanoic acids (although no optical rotation values were provided in ref 14) . Subsequently, the total synthesis of dragonamide A led to reassignment of the natural product as 355 on the basis of comparisons of its NMR and optical rotation data with both synthetic enantiomers (35R and 35S) .
I8 NMR and optical rotation data for the dragonamide A that we have isolated closely match those reported for both the natural product 16 and the 355 synthetic product, but differ significantly from the 35R synthetic product. 18 Therefore, we conclude that dragonamide A (3), dragonamide B (4), and dragomabin (2) all contain 2S-mefhyloct-7-ynoic acid. Interestingly, this is the opposite configuration of that proposed for the 2-methyloct-7-ynoic acid unit in apramides A and D based on calculation and analysis of the molar optical rotations of these two compounds. 19 To the best of our knowledge, carmabin A (1) is the only reported compound containing a 2,4-dimethyldec-9-ynoic acid moiety, the absolute stereochemistry of which has not been assigned. However, the related acyl group, 2,4-dimethyloctanoic acid, is present in the potent immunosuppressant natural products microcolins A and B'' and the closely related metabolites majusculamide D and its deoxy homologue, 14 all of which were also isolated from L. majuscula strains. The four 2,4-dimethyloctanoic acid stereoisomers were synthesized from hexanoyl chloride in seven steps as part of the total asymmetric synthesis of microcolin A (36R, 3SR) and its three 2,4-dimethylacyl analogues. 20 We considered three approaches to the assignment of the absolute configuration of carmabin A (1):
(1) reduction, hydrolysis, and isolation of the resulting free 2,4-dimethyldecanoic acid from 1, followed by characterization of the free acid by optical rotation and NMR chemical shift comparison with synthetic 2,4-dimethyloctanoic acid stereoisomers; (2) detection, isolation, and characterization of free 2,4-dimethyldecanoic acid as a co-metabolite from nonpolar fractions of the L. majuscula extract, which would suggest the same stereoconfiguration in 1; (3) direct comparison of NMR chemical shifts for the acid unit in tetrahydrocarmabin A with those for the four microcolin diastereomers. Unfortunately, we isolated an insufficient amount of material to perform the degradative sequence suggested in the first approach. We were unable to detect free 2,4-dimethyldecanoic acid in the crude lipid extract, thus precluding the second approach. (2) were detected in the Cacique collection (i.e., dragonamides containing valyl residues attached to the acyl group are not present in this population).
Pure compounds 1-3 were tested against the W2 chloroquineresistant malaria strain, both as they were isolated and subsequently side-by-side, thus providing a good indication of their relative levels of activity in this assay. While initial testing gave IC50 values of 1.4, 21.0, and 10.7 fM for carmabin A (1), dragomabin (2) , and dragonamide A (3), respectively, same plate evaluation gave IC 50 values of 4.3, 6.0, and 7.7 /iM, therefore indicating no significant difference between their levels of antimalarial activity. However, carmabin A was more cytotoxic to Vero cells (IC50 9.8 ftM) than dragomabin (IC50 182.3 ftM) or dragonamide A (IC50 67.8 ftM), and thus, dragomabin possesses the best differential toxicity between parasite and mammalian cells. It appears that the presence of three extra carbons in the aliphatic chain leads to the increase in cytotoxicity of carmabin A (1) over that of dragomabin (2) . Dragonamide B (4) was isolated and tested by itself at a later date, and its lack of activity suggests that an aromatic amino acid at the carboxy terminus is necessary for antimalarial activity in this compound series. Interestingly, the nonaromatic ring-containing alkynoic lipopeptide jamaicamide B, 10 Absolute Malaria Assay. The antiplasmodial activity was evaluated in a chloroquine-resistant strain (Indochina W2) of Plasmodium falciparum using a fluorometric method based on the detection of parasite DNA with the fluorochrome PicoGreen. 3 A modified Trager and Jensen method 21 was used to maintain the parasites in vitro. Cytotoxicity Assay. Vero cells adhering to 96-well plates were used to evaluate the toxicity of the compounds purified from L. majuscuia on the basis of reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma). 22 After treatment with the test compound and 4 h incubation at 37 °C, cell viability was evaluated in an ELISA reader at 570 nm.
